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Abstract
Grain growth during star formation affects the physical and chemical processes in the evolution
of star-forming clouds. We investigate the origin of the millimeter (mm)-sized grains recently
observed in Class I protostellar envelopes. We use the coagulation model developed in our
previous paper and find that a hydrogen number density of as high as 1010 cm−3, instead of the
typical density 105 cm−3, is necessary for the formation of mm-sized grains. Thus, we test a
hypothesis that such large grains are transported to the envelope from the inner, denser parts,
finding that gas drag by outflow efficiently “launches” the large grains as long as the central
object has not grown to & 0.1 M⊙. By investigating the shattering effect on the mm-sized
grains, we ensure that the large grains are not significantly fragmented after being injected in
the envelope. We conclude that the mm-sized grains observed in the protostellar envelopes
are not formed in the envelopes but formed in the inner parts of the star-forming regions and
transported to the envelopes before a significant mass growth of the central object, and that
they survive in the envelopes.
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1 Introduction
Dust plays an important role in star formation. In the collapse
of a molecular cloud by its self-gravity, thermal processes, es-
pecially the cooling of the gas, is of fundamental importance.
Dust grains help the formation of molecular hydrogen (H2) on
their surfaces (e.g. Gould & Salpeter 1963; Cazaux & Tielens
2004). H2 is one of the most important species for the thermal
evolution in the protostellar collapse, which depends on metal-
licity and gas density (e.g. Omukai 2000). Moreover, at den-
sities & 105 cm−3, dust plays an important role in cooling by
radiating away the energy obtained from gas–grain collisions
(e.g. Hollenbach & McKee 1979; Omukai 2000). Both H2 for-
mation and dust cooling are governed by the total dust surface
area; therefore, dust grain size distribution is crucial in deter-
mining the rates of these processes.
Hirashita & Omukai (2009) considered the effects of co-
agulation on the thermal evolution of star-forming clouds.
Although the dense environment enhances the grain–grain
sticking (i.e. coagulation) rate, coagulation affects H2 formation
and dust cooling only after these processes are not effective any
more. Hence, they concluded that the modification of grain size
distribution by coagulation is not important in the thermal evo-
lution of collapsing clouds. According to their results, grains
as large as 1 µm form only at densities & 1013 cm−3 in the
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solar-metallicity case, assuming the Brownian grain motion.
Some observations have shown the existence of grains larger
than ∼ 1 µm in molecular cloud cores and protostellar en-
velopes. Micrometer (µm)-sized dust grains are shown to ex-
ist in the dense (∼ 105 cm−3) regions of molecular cores by the
scattering-dominated features at wavelengths of a few µm – this
scattering phenomena is called coreshine (Pagani et al. 2010;
Steinacker et al. 2010; Lefe`vre et al. 2014). Hirashita & Li
(2013), based on their coagulation model, concluded that coag-
ulation should last longer than a free-fall time even if they con-
sidered enhanced grain motions by turbulence (see also Ormel
et al. 2009). This means that the molecular cloud cores are sus-
tained against the self-gravity, creating a favorable condition for
grain growth.
Grains grow effectively in circumstellar disks at a later stage
of star formation (Natta et al. 2007; Li et al. 2014). The com-
pact emission components near the protostars (<a few hundreds
of AU) show a small millimeter (mm) opacity spectral index
(β . 1) (Jørgensen et al. 2007), while the dust in the interstellar
medium (ISM) has β≃ 2 (Draine & Lee 1984). The small value
of β indicates either growth of dust to mm sizes or large opti-
cal depth. Protoplanetary disks of Class II young stellar objects
show β ≃ 0–1, which may support grain growth to mm sizes in
protoplanetary disks (Ricci et al. 2010a).
Some studies have shown that the mm opacity spectral in-
dex is small (β < 1) even in the envelopes of Class 0 proto-
stars (Kwon et al. 2009; Chiang, Looney, & Tobin 2012). This
implies that mm-sized grains exist not only in the vicinity of
protostars but also on larger scales of protostellar envelopes.
However, since Class 0 objects are highly embedded, it is diffi-
cult to completely separate the optically thick emission, which
also decreases the apparent β. Recently, Miotello et al. (2014)
have found a small β(< 1) emission at mm wavelengths in the
envelopes of two Class I objects, in which we can more easily
separate the optically thin envelope component. Their results
can be taken as evidence for the existence of mm-sized grains
in protostellar envelopes. Schnee et al. (2014) have also an-
alyzed the mm continuum in the Orion Molecular Cloud and
found a flat wavelength dependence of dust emission at mm
wavelengths, which may also indicate the presence of mm-sized
grains. In Fig. 4 of Testi et al. (2014), β < 1 at λ∼ 1 mm results
from a maximum grain size of amax & 0.3 mm for compact
bare grains. It indicates that grain growth up to ∼ 300 µm is
the minimal requirement to explain the opacity change at mm
wavelengths. Some studies show that growth up to 1 mm is
necessary to explain the opacity index between λ=1 and 3 mm
(Ricci et al. 2010b). If we consider highly porous grains, the
grain size should be larger than 1 mm; Kataoka et al. (2014)
have shown that the absorption opacity of porous grains are the
same if the radius times the filling factor are the same. Since
the conclusion depends on the assumptions on grain properties
and radiative transfer effects, we investigate grain growth up to
a = 300 µm, as a minimum requirement for the phenomenon,
and expand our discussions to larger grain radii such as a=1–5
mm. We refer grains with a size range of a∼ 300 µm to 5 mm
as mm-sized grains in this paper.
The existence of mm-sized grains at the envelope density
(∼ 105 cm−3) enhances the importance of coagulation, more
than expected by Hirashita & Omukai (2009) and Ormel et al.
(2009). As mentioned above, the grain surface area modified by
coagulation could affect the grain-surface chemistry and dust
cooling in star-forming clouds. Therefore, clarifying the origin
of mm-sized grains is of fundamental importance in the under-
standing of the star formation process. In this paper, we seek to
develop a physical scenario that explains the existence of mm-
sized grains in the protostellar envelopes.
To this aim, we first apply our previous coagulation model
(Hirashita & Li 2013) to the formation of mm-sized grains in
Section 2. We find that it is unlikely for the grains to grow to
mm size in situ in the (relatively low density) envelope; addi-
tional physical processes are needed to explain the existence
of mm-sized grains in protostellar envelopes. For an addi-
tional physical process, we consider the transportation of mm-
sized grains from dense regions to the protostellar envelopes in
Section 3. The survival of such large grains in the envelopes is
further examined in Section 4. Finally, Section 5 summarizes
the scenarios and the main conclusions.
2 Grain Growth
In order to examine the possibility of grain growth in the Class I
envelopes, we use the coagulation model in Hirashita & Li
(2013). We adopt a simple model by Hirashita & Li rather than
a more comprehensive one in Ormel et al. (2009) because it is
much faster to compute and more suitable for the large param-
eter survey needed to determine the minimum density required
for grain growth to mm-size. Since we use the same models for
the grain velocity dispersion as adopted in Ormel et al. (2009),
we expect that we will obtain similar results to theirs. In the
model by Hirashita & Li, the coagulation cross section of a pair
of grains with radii a1 and a2 is written as σ12 = Spi(a1+a2)2,
where S≥ 1 represents the increase of the cross section by non-
compact aggregates. The collision rate between the grains is
estimated by the radius (a)-dependent grain velocities, which
are determined by the velocity dispersion of the smallest eddies
whose drag force works efficiently within the turn-over time:
v(a) = 1.1× 103
(
Tgas
10 K
)1/4( a
0.1 µm
)1/2
×
(
nH
105 cm−3
)−1/4( ρgr
3.3 g cm−3
)1/2
cm s−1, (1)
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where Tgas is the gas temperature, nH is the hydrogen number
density, and ρgr is the grain material density. We assume Tgas to
be 10 K and ρgr to be 3.3 g cm−3 (based on silicate; Hirashita
& Li 2013) in this paper. We assume that the thickness of pos-
sible ice coating on the surface is thin and it does not affect ρgr.
Thermal velocities are small enough to be neglected.
We adopt their “maximal coagulation model” (S = 5; this
value is based on Ormel et al. 2009), which maximizes the pos-
sibility of grain growth, so grains are coated by ice and are
sticky as in Ormel et al. (2009). Although some authors have
shown that more fluffy aggregates (i.e., larger S) than those in
Ormel et al. (2009) may form in protoplanetary disks (Suyama
et al. 2012; Okuzumi et al. 2012; Kataoka et al. 2013; Krijt et al.
2015), it is not clear whether such extremely fluffy aggregates
form before the disk formation. In particular, we consider grain
collisions with velocities up to ∼ 100 m s−1; collisions with
such velocities would lead to compaction (Ormel et al. 2009).
At such a velocity, however, the effect of shattering could be-
come a problem, making the formation of large grains even
more difficult (Blum & Mu¨nch 1993; Wada et al. 2009; Gu¨ttler
et al. 2010; Gundlach & Blum 2015). Since the threshold ve-
locities for shattering such as 80 m s−1(Wada et al. 2013) are
comparable to the typical velocities achieved in our condition,
more detailed treatment of grain velocities by considering, for
example, grain velocity dispersions would be necessary. Thus,
we simply neglect shattering and concentrate on surveying the
most optimistic case for the formation of mm-sized grains in
this paper. Note that a is defined in such a way that (4/3)a3ρgr
is the grain mass, and that the coagulation equations are solved
for the grain mass rather than the grain radius in our formula-
tion. Since the grain radius a = 300 µm appropriate for “mm-
sized grains” is defined for compact grains (Introduction), we
eventually need compaction for consistency, or we need much
larger grains to change β at mm wavelengths if the grains are
fluffy. Compaction may occur in the final stage of coagulation
when the grain velocities are high (Ormel et al. 2009), or in the
transportation considered in Sections 3 and 4. Since our purpose
here is to estimate the most optimistic condition of the density
for the formation of mm-sized grains, we simply assume that
such compaction occurs before they are observed in the enve-
lope.
The initial grain-size distribution is set to be proportional
to a−3.5, with amin = 0.001 µm and amax = 0.25 µm, which
is typical in diffuse ISM (Mathis, Rumpl & Nordsieck 1977):
n(a) = Ca−3.5 (amin ≤ a≤ amax), where C is the normalizing
constant determined from the mass density of the grains in the
ISM:
DµmHnH =
∫ amax
amin
4
3
pia3ρgrCa
−3.5da, (2)
where mH is the hydrogen atom mass, µ is the atomic weight
per hydrogen (assumed to be 1.4), and D (0.01: Ormel et al.
Fig. 1. Evolution of grain-size distribution by coagulation. The grain size dis-
tribution is multiplied by a4 to show the mass distribution per logarithmic
grain radius, and is normalized to the hydrogen number density nH. The
solid, dotted, dashed, dot-dashed and dot-dot-dot-dashed lines show the
grain-size distributions at t/tff =1, 3, 5, 7, and 10, respectively. The thin
solid vertical line indicates the position of 300 µm. In panels (a) and (b),
nH=10
5 (the typical density of the envelopes) and 1010 cm−3 are adopted,
respectively.
2009) is the dust-to-gas mass ratio. The density of the envelope
is assumed to be nH = 105 cm−3 according to Miotello et al.
(2014). We fix nH and the time is always compared with the
local free-fall time (tff = 1.38× 105(nH/105 cm−3)−1/2 yr).
Grains are assumed to be coupled with turbulence whose eddy
size is smaller than the Jeans length (so that the assumption of
constant nH is reasonable) (Ormel et al. 2009).
The evolution of grain size distribution by coagulation is
shown in Fig. 1. As shown in Fig. 1a, it takes much more than
10tff for the grains to grow to > 300 µm even in the maxi-
mum coagulation model. Such a long lifetime would require
an extremely long-standing sustaining mechanism of molecular
clouds against gravitational collapse, and would be physically
difficult. Thus, we consider another possibility for the forma-
tion of mm-sized grain.
It is easier for mm-sized grains to form in a denser region.
We also show the result for nH = 1010 cm−3 in Fig. 1b, trying
to see if mm-sized grains can form in the inner, denser regions
of the molecular cloud cores. This time, grains can grow up to
∼ 300 µm in a few tff , which is reasonably short. Although
we neglect shattering, we point out that such a dense region is
favorable for growth because grain velocities are ∼ 30 m s−2
(equation 1), which is below the shattering threshold (Wada et
al. 2013).
Thus, we conclude that coagulation is not capable of form-
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ing mm-sized grains in the envelope. In order to form such
large grains, a high density of nH & 1010 cm−3 is necessary.
This means that the existence of mm-sized grains in the pro-
tostellar envelopes demands mechanisms other than the in situ
formation. Based on that conclusion, we hypothesize that large
grains are formed in denser regions near the central object, and
are subsequently transported to the envelopes. We assume that
these denser regions hosting coagulation have a spherical ge-
ometry for simplicity. We could in principle also consider other
geometries, such as a protoplanetary disk, which should be the
site of grain growth leading to the planet formation (e.g., Testi et
al. 2014). The basic idea remains qualitatively the same, as long
as the formed mm-sized grains are transported relatively early,
before the mass of the compact object (star + disk) becomes too
large, in order to minimize the effect of gravity, which counter-
acts the outward transportation. The possibility of transporta-
tion is investigated in the next section.
3 Transportation of Grains
Jets and outflows are ejected from the central circumstellar re-
gion into the envelope in the Class 0 and Class I stages (e.g.
Bontemps et al. 1996; Machida & Hosokawa 2013). In particu-
lar, outflows, because of their large opening angles, potentially
disperse the large grains in the envelope. To test this possibility,
we consider the motion of mm-sized grains in the outflows.
In Section 2, we concluded that mm-sized grains only form
in a region as dense as nH & 1010 cm−3. Below we consider
the motion equation of a grain, whose motion is caused by the
friction (drag) of the outflow and the gravitational force toward
the center. For simplicity, we assume that the outflow has a con-
stant solid angle of Ω, with a constant velocity vgas. However,
as shown below, the grain motion is determined within the cen-
tral tens of AU, so that the detailed structure of outflow on
scales & 100 AU does not affect our conclusion. We neglect
forces originating from non-spherical motions such as centrifu-
gal force and drag force from a gas rotating around the central
star. The former tends to make the outward transportation of
the grains easier, while the latter causes a falling motion toward
the central star (Adachi et al. 1976). For the treatment of these
forces, we need to solve the growths of the disk and the central
star. The physical processes in the growths of these components
depend on various factors such as magnetic field strength, and
are not fully understood yet (Li et al. 2014). Thus, we leave
a simultaneous treatment of the stellar mass growth processes
with grain growth to the future work.
In some numerical simulations (e.g., Machida & Hosokawa
2013), we see that the mass loss rate M˙ is around
0.1 M⊙/10
5 yr ≃ 10−6 M⊙ yr
−1
. We adopt this value for a
fiducial case but examine different values for M˙ . With the mass
conservation law,
M˙ = Ωr2ρvgas, (3)
where ρ is the mass density of molecular gas in the outflow and
r is the radius from the central protostar, we get the number
density of hydrogen nuclei as a function of r as
nH(r) =
ρ
µmH
=
M˙
ΩvgasµmH
1
r2
= 1010 cm−3
(
Ω
4pi/10
)−1(
M˙
10−6 M⊙ yr−1
)
×
(
vgas
1 km s−1
)−1( r
9.78 AU
)−2
. (4)
The initial radius r0 is set at nH = 1010 cm−3 (9.78 AU
for M˙ = 10−6 M⊙ yr−1, vgas = 1 km s−1) and Ω = 4pi/10,
i.e., the formation site of the mm-sized grain. Our reference
solid angle of 4pi/10 corresponds to an outflow opening angle
of about 50 degrees, which is roughly in agreement with the
observed opening angles of the winds in Class 0–I sources by
Arce & Sargent (2006, see their Fig. 5). The drag force on the
dust grain is estimated for supersonic motion as (Adachi et al.
1976; McKee et al. 1987)
Fdrag = µmHnHpia
2|vr|vr, (5)
where a is the radius of the dust grain and vr = vgas− vgr is the
relative velocity of the gas to that of the grain. Noting that the
grain mass is expressed as 4
3
pia3ρgr, and including the force of
gravity by the central object, we obtain the motion equation of
the grain (see also equation 34 in Jones et al. 1996):
dvgr
dt
=
3µmHnH
4aρgr
(vgr − vgas)
2−
GM(< r)
r2
, (6)
where G is the gravitational constant and M(< r) is the mass
inside radius r.
First, we consider the condition that the grain obtains an out-
ward motion. Equating the friction term and the gravity term in
equation (6) at the initial position (vgr = 0), and further using
equation (4), we obtain the following critical mass, Mcr:
Mcr =
3vgasM˙
4GasΩ
≃ 2.86× 10−1 M⊙
(
M˙
10−6 M⊙ yr−1
)(
vgas
1 kms−1
)
×
(
a
300 µm
)−1(
ρgr
3.3 g cm−3
)−1(
Ω
4pi/10
)−1
; (7)
that is, for M <Mcr, the grain is transported outwards. Thus,
before the mass of the central object (the central object effec-
tively includes the inner disk as well as the central protostar)
grows up to 0.1–1 M⊙, the grains with a ∼ 0.3–1 mm can be
“launched” into the envelope by the drag force of the gas out-
flow. The critical mass does not depend on the radius; this is
because both drag and gravity scale with r−2. Therefore, the
condition of grain transportation does not depend on the foot-
point of the outflow and is determined by the mass loss rate
(M˙ ), velocity (vgas) and opening solid angle (Ω) of the outflow.
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To investigate the efficiency of grain acceleration, we solve
equation (6) focusing on the case of M <Mcr. For simplicity,
we assume that the mass is dominated by the central region (i.e.,
inside the initial radius of the grain) and we fix the central mass.
For illustration, we adopt a = 300 µm, vgas = 1 km s−1, M˙ =
10−6 M⊙ yr
−1 and M = 0.05 M⊙ for the fiducial case. We
solve equation (6), varying one parameter at a time, with the
others fixed at the fiducial values. We obtain the grain velocity
vgr as a function of radius r as shown in Fig. 2.
Fig. 2 shows that acceleration occurs locally around the
initial radius, which justifies the assumption of fixing M .
Moreover, since both the drag and the gravity terms have the
same dependence on r, the grains converge to a terminal veloc-
ity determined by equating the two terms (shown by the hor-
izontal lines in Fig. 2). As shown in Fig. 2a, with increasing
grain radius a, the terminal velocity of the grain decreases. This
is because with a larger grain size, the surface-to-volume (mass)
ratio of the grain is smaller, so that the acceleration by drag is
less efficient. However, even mm-sized grains are coupled with
the gas strongly enough to attain a velocity of & 0.2 km s−1
around the initial radius. The time-scale of the grain trans-
port is estimated as ∼ 1000 AU / 0.5 km s−1 ∼ 9480 yr,
which is shorter than the free-fall time at the typical density
(nH ∼ 105 cm−3) of the envelope (∼ 105 yr) and can be shorter
than the time-scale of the mass growth of the central star (. 105
yr; Inutsuka et al. 2010).
In Fig. 2b, we observe that the grain is efficiently acceler-
ated outwards in all the relevant range of vgas. There are two
competing effects of varying vgas. If vgas is high, the effect of
drag relative to that of gravity is enhanced. At the same time, a
greater gas velocity also leads to a lower gas density (equation
4), thus a weaker drag. Yet in all cases, the grains are efficiently
accelerated outwards.
In Fig. 2c, with increasing mass loss rates, grains are more
strongly coupled with the gas. This is because a higher mass
loss rate with a fixed gas velocity results in a higher density
(equation 4), and thus a stronger drag. For a=300 µm, even the
case of mass loss rate as small as 5× 10−7 M⊙ yr−1 achieves
a terminal velocity of 0.41 km s−1, and the acceleration occurs
locally at around the initial radius.
Finally, as shown in Fig. 2d, an increase of the central mass
results in lower coupling of grains with gas. With larger central
mass, the drag term is less dominated. Nonetheless, even a cen-
tral mass of as large as 0.1 M⊙ gives rise to outward transporta-
tion of grains, resulting in efficient acceleration to a terminal
velocity of 0.41 km s−1 around the initial radius.
We further explore the case for a= 5 mm. Setting the grain
radius as a = 5 mm, we change the other parameters as we did
in Fig. 2. Results are shown in Fig. 3. For grains as large as
5 mm, gas velocities ranging from vgas = 0.5–2 km s−1 are no
longer able to transport the 5-mm grains if we adopt the fiducial
Fig. 2. Grain velocity vgr versus the radial distance r from the central star.
We choose a = 300 µm, vgas = 1 km s−1, M˙ = 10−6 M⊙ yr−1 and
M =0.05M⊙ for the fiducial values and change one of those parameters in
each panel. The horizontal thin lines show the analytically estimated terminal
velocities and their line species follow the legends below. (a) The dotted,
solid, and dashed lines show the relation between vgr and r for grain radius
a= 300 µm, 700 µm and 1 mm, respectively. (b) The dot-dashed, dashed,
solid, and dotted lines show the relation for gas velocity vgas = 0.5, 0.7, 1.0
and 2.0 km s−1, respectively. (c) The dotted, solid, and dashed lines show
the relation for the mass loss rate M˙ = 10−5, 10−6, and 5× 10−7 M⊙
yr−1, respectively. (d) The dotted, solid, and dashed lines show the relation
for the mass of the central object M =0.01, 0.05, and 0.1 M⊙, respectively.
6 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0
Fig. 3. Same as Fig. 2 but for a= 5 mm. (a) The dotted, solid, dashed, and
dot-dashed lines show the relation for the mass loss rate M˙ = 10−5, 10−6,
5× 10−7, and 10−7 M⊙ yr−1, respectively. The grain obtains an outward
motion only in the case of M˙ = 10−5 M⊙ yr−1 and falls inward in the other
cases. (b) The dotted, solid, and dashed lines show the relation for the mass
of the central object M = 0.01, 0.05, and 0.1 M⊙ , respectively. Outward
motion is only possible in the case of M = 0.01 M⊙ .
values for the other parameters. Thus, we do not show the plot
for various vgas. Considering the effect of mass loss rate, as
shown in Fig. 3a, transportation of grains with a = 5 mm is
only possible if M˙ is as large as 10−5 M⊙ yr−1. Furthermore,
from equation (7), since the critical mass of grains with a =
5 mm becomes Mcr ∼ 0.017 M⊙, such large grains can only
be transported outward if the central mass is smaller than the
critical mass; i.e. for the M = 0.01 M⊙ case in Fig. 3b.
In conclusion, despite the variation of grain size a, gas ve-
locity vgas, mass loss rate M˙ and central mass M , grains with
a ∼ 300 µm–1 mm are successfully accelerated to a velocity
similar to the outflow on a spatial scale of ∼ 10 AU. Moreover,
the time-scale of transportation to the envelope (∼ 1000 AU)
from a dense (nH ∼ 1010 cm−3) region, where the growth of
grains to mm sizes is possible, can be shorter than that of the
central mass growth to Mcr ∼ 0.1–0.3 M⊙. Even the grains
with the radius as large as 5 mm can be transported outward if
the mass loss rate of the outflow is as large as 10−5 M⊙ yr−1 or
the central object is light enough (M . 0.01 M⊙).
4 Survival of grains
Now we examine whether mm-sized grains transported from
the denser part of the protostellar cores to the envelope can sur-
vive in the envelope or not. Since the grain velocity predicted
is as large as 1 km s−1, the grain may be shattered in collisions
with other grains. To estimate whether or not the mm-sized
grains survive against shattering, we consider their collisions
with other grains before their motions are significantly deceler-
ated by gas friction in the envelope.
4.1 Formulation
After being injected into the envelope, the mm-sized grain trav-
els in the envelope on the friction time-scale, τf , estimated by
dividing the grain momentum (∼ 4
3
pia30svgr, where a0 is the ra-
dius of the mm-sized grain) by friction (∼ pia20vgrµmH):
τf =
4a0ρgr
3vgrµmHnH
. (8)
For vgr, we adopt ∼1 km s−1 based on the terminal velocities
calculated in Section 3.
Now we consider the effect of shattering in a friction time.
We assume that the size distribution of colliding grains, referred
to as the field grains, is described by a power-law of index p,
Ca−p (C is the normalizing constant). The normalization factor
C is determined from the total dust mass in the column swept
by the mm-sized grain in a friction time:
DµmHnHpia
2
0vgrτf =
∫ a˜max
a˜min
4
3
pia3ρgrCa
−pda, (9)
with the minimum and maximum radii of a˜min and a˜max re-
spectively. We assume that a˜max = a0, but the choice of a˜max
does not affect the conclusion as shown in Section 4.2.
In finding the shattered fraction of the mm-sized grain,
we make use of the shattering model in Kobayashi & Tanaka
(2009). The normalized impact energy φ (equation 8 of
Kobayashi & Tanaka 2009) is defined as
φ(y) =
v2
2Q∗D
y
1+ y
, (10)
where Q∗D is the threshold impact energy per unit mass of the
mm-sized grain for catastrophic disruption (here catastrophic
disruption indicates that more than half of the grain is frag-
mented), and y ≡m/m0 = a3/a30, with m and a, respectively,
being the mass and radius of the field grain colliding with the
mm-sized grain, and m0 and a0, respectively, the mass and ra-
dius of the mm-sized grain. The mass of the ejected fragment
from the mm-sized grain, me, is given by (see equation 10 in
Kobayashi & Tanaka 2009)
me =
φ(y)
1+φ(y)
m0. (11)
Using the fraction of destruction in a single collision me/m0 =
φ/(φ+1), we can estimate the contribution of the field grains
with radii between a and a+da to the shattered fraction of the
mm-sized grain, D(a)da:
D(a)da=Ca−p
φ(y)
φ(y)+ 1
da. (12)
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Note that y = a3/a30 is a function of a. By integrating D(a)
from a˜min to a˜max, we get the total destroyed fraction of the
mm-sized grain, Φ, in the friction time as
Φ =
∫ a˜max
a˜min
D(a)da. (13)
We adopt Q∗D = 3.5× 107(a0/1 cm)−0.38 erg g−1 (Benz &
Asphaug 1999; Kobayashi & Tanaka 2009), which is valid for
the case of compact grains. As a comparison, we also inves-
tigate the threshold impact energy appropriate for aggregates;
Q∗D = 4× 10
7(v/100 m s−1)(r′/0.1 µm)−5/6 erg g−1, where
r′ is the grain radius composing the aggregate, as in equation
(10) of Wada et al. (2013) (we assume that r′ = 0.1 µm). To
distinguish these two cases, we adopt the notations, Q∗D=Q∗D,c
and Q∗D,a, for the former and latter cases respectively. The re-
sulting Φ is also distinguished by the notations Φc and Φa cor-
respondingly.
4.2 Results
We first consider the cases with threshold energy Q∗D = Q∗D,c.
To start with, we investigate the case for various a0 with amin=
0.1 µm, vgr = 1 km s−1, and p = 3.5 (Kobayashi & Tanaka
2009). In Fig. 4, we plot aD(a), which quantifies the contri-
bution of the field grains per log a to the shattered fraction of
the mm-sized grain, for different sizes of the mm-sized grains
a0. We observe that a peak exists for each curve, and that the
peak values of aD(a) are well below 1. For example, for a0=1
mm, aD(a) peaks at around a ∼ 200 µm and the peak value is
∼0.1, which means that the largest contribution to the destruc-
tion of the mm-sized grain comes from the field grains with
a∼ 200 µm and that around 10 per cent of the mm-sized grain
is destroyed by shattering. Indeed, after integration, we obtain
Φc = 0.33, which is roughly equal to the peak of aD(a). At
small a, the slope is positive with a value of (4− p). The rea-
son for this is that when φ≪ 1 [i.e., a≪ (2Q∗D,c/v2gr)1/3a0],
D(a) ∼ Ca−pφ (equation 12), the slope of D(a) becomes
3− p. The peak appears at around φ ∼ 1. Beyond the peak,
φ/(φ+ 1) ∼ 1, so D(a) ∼ Ca−p. The peaks are well estab-
lished as long as p < 4, which is naturally realized after multi-
ple disruption processes (Kobayashi & Tanaka 2009; Hirashita
& Kobayashi 2013). Therefore, the peak position is primarily
determined by a∼ (2Q∗D,c/v2gr)1/3a0 corresponding to φ∼ 1.
Other parameters such as a˜min and p have minor effects on
the total destroyed fraction Φc. The destroyed fraction Φa (with
Q∗D = Q
∗
D,a) is rather smaller than Φc because Q∗D,c <Q∗D,a in
the parameter ranges of interest. In Table 1, we show the de-
pendence of Φc and Φa on various parameters to confirm that,
unless the grain velocity is & 1.5 km s−1, Φ is always signifi-
cantly smaller than 1. Therefore, mm-sized grains are likely to
survive in the envelope.
Fig. 4. Contribution to the destruction fraction of the mm-sized grain from
field grains with radii between a and a+da. To show the destruction frac-
tion per logarithmic grain radius, we multiply D(a) by a. The solid, dotted
and dashed lines show the results for a0 = 300 µm, 700 µm and 1 mm
respectively. For example, for a0 = 1 mm, aD(a) peaks at around 200
µm and the peak value is ∼0.1, which means that the largest contribution
to the destruction of the mm-sized grain comes from the field grains with
a∼ 200 µm and that around 10 per cent of the mm-sized grain is destroyed
by shattering.
Variable Range Φc Φa
a0 0.3–1 mm 0.21–0.33 0.083–0.086
amin 0.01–1 µm 0.23–0.20 0.090–0.081
vgr 0.5–1.5 km s−1 0.065–0.42 0.060–0.17
p 3–4 0.13–0.39 0.11–0.13
Table 1. Shattered fractions of the mm-sized grain Φc and
Φa with the fiducial parameter set of (a0, a˜min, vgr, p) =
(300 µm, 0.1 µm, 1 km s−1, 3.5). Only the parameter shown in
the column of “Variable” is changed in the corresponding range
on the right.
5 Summary
According to a recent observation by Miotello et al. (2014), mil-
limeter (mm)-sized grains exist in the protostellar envelopes.
We thus investigated the origin of such mm-sized grains us-
ing the model by Hirashita & Li (2013). We found that the
typical density of the envelopes nH ∼ 105 cm−3 is not suffi-
cient for the formation of such large grains. Only with densities
nH & 10
10 cm−3 would such large grains be possible to form.
This means that another mechanism is required to explain the
existence of mm-sized grains in the envelopes. Therefore, we
further examined the possibility that mm-sized grains formed
in denser parts near the central protostar are transported to the
envelope by an outflow. First, we found a critical central mass
below which the drag force on the dust can win over gravity.
This mass is estimated to be of order 0.1 M⊙ for a mass loss rate
of 10−6 M⊙ yr−1. Before the central mass reaches this critical
mass, mm-sized grains are transported to the envelope from the
dense regions in∼104 yr, which is shorter than the mass growth
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time-scale of the central star. Finally, we examined if the mm-
sized grains injected into the envelope are able to survive after
shattering in the envelope. We found that the shattered fraction
is Φ ∼ 10−1, and is robustly smaller than 1 for the reasonable
ranges of relevant parameters unless the grain is injected in the
envelope with high velocity > 1.5 km s−1. This means that
mm-sized grains are likely to survive. We hence conclude that
transportation of mm-sized grains formed in the central dense
region to the envelope is a possible scenario for the appearance
of mm-sized grains in the protostellar envelope.
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